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ABSTRACT
Understanding the behavior of lightning and modeling its physical effects is of great importance
with regard to structures subjected to lightning strikes. In this study, a two-dimensional physics-
based model that was formulated for analyzing the effect of thunderstorm cloud-cover on grounded
airborne bodies is refined and enhanced in order to adequately represent different types of airborne
bodies. The model’s solution domain consists of two non-concentric circles, the larger of which
represents the atmospheric boundary and the smaller of which represents the cross-section of the
grounded airborne structure. The new contributions to this model presented here allow for the
accommodation of physical geometries that are elliptical in nature. Due to the variability of cross-
sectional dimensions of lighter-than-air platforms (many of which are non-circular), it is desirable
to represent the effect that a non-circular domain has on lightning behavior and its associated
influences. To accomplish this, a transformation relation was developed in order to map a non-
circular physical body to the circular solution space. The problem is solved in the circular domain,
then transformed back into the physical, non-circular domain. The associated influences due to
the lightning behavior including the charge induced on the grounded airborne body, the lightning
collection area, probable leader attachment point, and the flash rate on the airborne structure are
also modified considering elliptical geometry.
Furthermore, analysis of satellite and ground-based data was performed as part of this study.
Methods for the incorporation of site-specific environmental parameters were developed in order to
give a clear understanding of the effect of regional and seasonal variation in environmental effects.
The types of data investigated were ground flash density, lightning strike peak current, sea-surface
wind speed, and sea-surface temperature.
lightning interaction with elliptical cross-sections of grounded airborne bodies was shown to
vary with dimensional changes of the body. The calculated values shown to vary with geometry
include lightning collection area, lightning strike frequency on the elevated airborne body, surface
charge induced along the surface of the airborne body, and the probability of leader attachment.
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1. INTRODUCTION AND LITERATURE REVIEW
1.1 Historical and Modern Context
Lightning is one of the most commonly occurring forces of nature. Since the very first civiliza-
tions on Earth, humans have experienced the effects of lightning – its prolific presence in ancient
mythology as well as many historical accounts of its impact suggest that lightning has always been
something that humans have struggled against, both academically and practically. For example,
Rakov and Uman (2003) report that the Campanile of St. Mark, a 323 foot (98.5 meter) tower in
in Venice, Italy that was destroyed, or at least damaged, in 1388, 1417, 1489, 1548, 1565, 1653,
1745, 1761, and 1762. A lightning protection system was installed in 1766 and the tower has not
been damaged since.
Today, lightning remains a constant cause of destruction to both natural and man-made objects.
The National Lightning Safety Institute (NLSI) estimates that U.S. lightning costs and losses may
exceed $5 to $6 billion per year [5]. The NLSI also reports that between the years 2000 and 2006,
12,000 wild land fires were started by lightning per year; there was an average of 5.2 million acres
burned annually from fires started by lightning during this period [5]. Clearly, there have been, and
will continue to be, a threat of damage due to lightning and therefore, understanding the interaction
between lightning and the objects it strikes is of great importance.
1.2 Regional and Seasonal Variation
Lightning strike frequency is variable throughout the United States and the world. The strikes
tend to be more frequent over land in the tropics, between the Tropic of Cancer and the Tropic
of Capricorn. Within the United States, lightning strike density tends to be higher throughout the
Southeastern and Midwestern states. Notably high density areas are evident in Florida and along
the Gulf along Louisiana, Mississippi, and Alabama. There is also a relatively high strike density
extending from the east coast into the Atlantic ocean.
In addition to strike frequency, the lightning “intensity”, more accurately known as the peak-
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current, has been shown to vary as a function of latitude [4]. This is significant because objects that
are vulnerable to lightning strikes may experience different conditions when struck by lightning in
a different location. If a system designed to withstand a 25 kiloamp (kA) peak current is installed
in a geographic zone that experiences peak currents that reach 50 kA, unforeseen problems will
surely make themselves evident.
Lightning also varies seasonally, but not in the same way for all regions. For the most part,
lightning occurs more frequently during the summer months in the northern hemisphere, and in the
fall and spring in equatorial regions. An interesting result of the dissimilarity between the north-
ern and southern hemispheres is the frequency of lightning induced forest fires. In the northern
hemisphere, many forest fires are ignited by lightning, but that’s not so in the southern hemisphere
where they are more often started anthropogenically. In the northern hemisphere, lightning is more
frequent when the ground is dry and there are high temperatures; but in the southern hemisphere,
lightning is most frequent when the ground is damp enough to resist an outbreak of fire [6].
1.3 Lightning Types
Cloud-to-ground lightning is, as the name suggests, lightning that originates in a storm-cloud
and travels down to the ground. In cloud-to-ground lightning, a channel of ionized gas, called
a downward leader, begins traveling downward and as it approaches the ground, it is attracted
to an upward reaching channel of an opposite charge, called an upward leader. When these two
channels connect, a complete path is created and current flows from the cloud to the ground: a
lightning strike [2].
Cloud-to-ground lightning can be classified as positive or negative [1]. Negative cloud-to-
ground lightning is that which has a negative leader traveling toward the ground, whereas positive
cloud-to-ground lightning initiates a positively charged leader that travels from the cloud to the
ground. The vast majority of all cloud-to-ground lightning strikes are negative. Figure 1.1(a)
shows negative cloud-to-ground lightning and Figure 1.1(c) shows the positive cloud-to-ground
lightning.
Ground-to-Cloud lightning is similar to cloud-to-ground lightning, but instead of a downward
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traveling leader, the leader travels up from the ground. As with cloud-to-ground, ground-to-cloud
lightning can be either negative or positive; these are exemplified in Figures 1.1(b) and 1.1(d),
respectively. Oftentimes, this type of strike originates from a tall object such as a cellular telephone
tower that is much higher than the surrounding terrain.
Figure 1.1: Illustration of positive and negative cloud-to-ground and ground-to-cloud lightning
adapted from [1]
Intracloud lightning occurs within the cloud structure due to variability in charge throughout
the cloud. Typically, these types of flashes cannot be seen directly, but illuminate a large portion
of the cloud from within.
Cloud-to-air lightning has similar characteristics to cloud-to-ground lightning, the difference
being that there is no interception between the downward leader and the upward leader and there-
fore, the charge is dissipated to the air rather than to the ground.
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Figure 1.2: Illustration of several types of TLEs adapted from [2]
The most mysterious and least commonly seen lightning events are known scientifically as
Transient Luminous Events (TLEs) and can be thought of as cloud-to-space lightning. TLEs occur
in the upper atmosphere above large, active thunderstorms and therefore cannot be easily seen from
the ground. Their existence was proposed in 1924 [7], but there was much skepticism about their
existence until Franz, Nemzek, and Winckler (1990) took one of the first photographs of a sprite
[8].
Stratospheric/mesospheric Perturbations Resulting from Intense Thunderstorm Electrification,
or sprites, occur as a result of strong positive cloud-to-ground lightning strikes whereby the top pf
the thunderstorm becomes negatively charged. This buildup of electrons in the top of the cloud
discharges and ionizes the air in the upper atmosphere. They usually occur about 25 to 55 mi. (40
to 89 km) above thunderstorms and are not very bright making them visible only at night [2].
Blue jets are narrow cones of ionized gas that extend out of the top of thunderstorms and can
reach heights of about 12 mi. (19 km) above the top of the anvil. Very little is known about the
4
cause of blue jets, and they do not appear to be directly associated with cloud-to-ground lightning
[2], however there may be a correlation between blue jet formation and strong hail activity in
thunderstorms due to hail’s effect on the charge distribution within the cloud [9]. They are typically
brighter than sprites, but only last a fraction of a second [2].
Emission of Light and Very Low Frequency Perturbations Due to Electromagnetic Pulse Sources,
or elves, are among the most elusive and difficult to observe lightning phenomena. They occur in
the ionosphere about 62 mi. (100 km) above a thunderstorm. Elves are typically only visible for
a very short amount of time, on the order of about 300 microseconds [10]. They are caused by
the return stroke of a lightning strike in the storm below and research suggests that its geometric
features are dependent upon the return stroke speed [11].
Figure 1.2 shows some of the types of lightning and the altitudes at which they occur. It is
important to note that since this graphic has been made, more has been discovered about these
phenomena and in particular, it has been discovered that elves are red, not green, in color [10].
1.4 Lighter-Than-Air Platforms
Lighter-Than-Air Platforms (LTAPs) are aircraft whose weight is balanced, either completely
or partially, by the buoyant force provided by an internal lifting gas; these aircraft fall into either
one of two categories: powered or unpowered. Unpowered LTAPs are either tethered (aerostat) or
untethered (balloon) and simply use their buoyancy to stay aloft. Aerostats are meant to remain
within a small radius of their tether point, while balloons are free to travel by atmospheric influence.
Powered LTAPs are either conventional or hybrid. These so-called conventional powered LTAPs
are commonly known as blimps. They rely only on buoyancy for lift and are untethered, but they
can control their directional heading using the mechanism that powers them. Hybrid LTAPs also
employ the buoyancy of their lifting gas but also create lift by additional means: their structural
shape for aerodynamic lift, or variable directional thrusters for vectored lift. [12]
There are many innovative LTAP concepts being explored for various functions including en-
ergy generation, transportation, wireless communication, and surveillance [3]. As these technolo-
gies are developed and become more widespread, there will be an increased need to understand
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the interaction between the crafts and their environments; the focus here will be on the effect that
lightning has on their practicality.
1.5 General Applications
Civil Engineering
Featured in Figure 1.5ii, heavy-lift LTAPs have many applications in the field of civil engineer-
ing. Large structures, like wind turbines, are often installed in somewhat remote locations, possibly
with limited transportation infrastructure which could cause logistical problems for ground-based
vehicles carrying the blades and other hardware for the turbine. A good alternative to land-based
transportation is to use some sort of heavy-lift airborne system. However, many of the traditional
powered aircraft, such as planes and helicopters, lack the specific features needed to deliver such
cargo. Planes are limited in where they can take off and land, and helicopters lack the heavy-lift ca-
pabilities to transport these large objects. The need is for a Vertical Take-Off and Landing (VTOL)
aircraft with the capability to carry massive payloads, and heavy-lift LTAPs could perform that job
very well.
Disaster Relief
Heavy-lift LTAPs can also provide relief in the event of a natural disaster when the transporta-
tion infrastructure has been severely damaged. The heavy-lift LTAPs can provide much larger
quantities of supplies than traditional land-based relief efforts and can do so with pin-point, hassle-
free accuracy without the need for ground-based infrastructure.
Scientific Applications
LTAPs can also be used for scientific research, and there are a great number of examples of
their use throughout many fields. Tethered aerostats have been used for monitoring and tracking
of various types of marine life [13][14]. Boat- or land-based observations can be challenging for
monitoring marine creatures like manatees and dolphins which stay underwater for long periods
of time. The study of these “large, yet cryptic marine animals” [14] can be conducted more effi-
ciently if the observer is at significant height above the water. This research is important because
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Figure 1.3: An illustration of the physical domain (left) represented in the non-concentric circular
model (right) adapted from [3]
“knowledge of the behavioural ecology of a species is important for the development of conserva-
tion initiatives” [13], and further study is being made possible in large part due to the utilization of
LTAPs.
Also, aerostats have been used to monitor air quality monitoring. The EPA (U.S. Environ-
mental Protection Agency) explored the use of aerostat LTAPs for general sampling of air quality
[15]. More specific usage of aerostats has been seen in the aftermath of the Deepwater Horizon oil
spill, the clean-up of which involved in-situ burning of oil on the surface of the Gulf of Mexico;
air sampling instruments were lifted into the plumes of smoke rising from these fires using aero-
stat technology [16]. This has benefits over other methods of air sampling (i.e. ground-based or
manned aircraft measurements) in terms of practicality and safety.
1.6 Problem Domain
In his doctoral dissertation, Gilbert Malinga [17] developed a two-dimensional physics-based
model to predict the interaction between an airborne grounded system subjected to thunderstorm
cloud cover and the resulting electric field using two non-concentric circles as the problem do-
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main. The inner circle of this domain represents an area encompassing an airborne body, and the
boundary of the outer circle represents the limits of the problem domain defined by the cloud cover
and the ground surface. The solution can be used to determine regions of high risk and how they
change based on elevation of the body, the size of the enclosed domain around the body, and cloud
cover.
This model was developed as an alternative to empirical models which can be useful for pre-
liminary design applications but, due to their simplicity, do not adequately capture the physical
processes that take place during a lightning strike interaction. Accurate theoretical models were
also developed but are not practical for engineering application due to their complexity. A common
theoretical model used in engineering is the Rolling Sphere Method outlined by the International
Electrotechnical Commission (IEC); this model is used for sizing lightning protection equipment.
However, the Rolling Sphere method is unable to represent the physics of leader inception and
lightning attachment to complex structures due to its simplicity.
A physics-based Self-consistent Leader Inception Model (SLIM) was developed to overcome
the limitations of earlier theoretical models [18]. Their model is formulated based on the Poisson
equation which is solved using the Finite Element Method; this solution method is both computa-
tionally rigorous and prone to significant numerical error. The model developed by Malinga solves
the Poisson boundary value problem with a closed-form solution process by taking advantage of
mathematical characteristics of the formulations used in the procedure.
To accommodate airborne bodies of variable circular cross section, Malinga and Niedzwecki
created composite shapes inspired by the elevation view of various types of crafts including air-
borne wind turbines and elliptical airships [3]. These composite shapes were modeled by varying
the diameter of the airborne system represented by the inner circle of the model shown in Figure
1.3. Figure 1.4 shows some examples of the variable cross section composite shapes Malinga used
in his work [3]. In addition to airborne bodies, the model was used to evaluate lightning interaction
with offshore and land-based wind turbines [19] [20].
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Figure 1.4: Composite model approximations to various geometrical shapes adapted from [3]
1.7 Knowledge Gaps
The methods described above have some limitations, however, especially when bodies of more
complex geometries are in question. To adequately model the types of aircraft being developed
and produced in industry, it is of interest to have the ability to accommodate bodies with cross-
sectional geometries less trivial than a circle. For example, many of the LTAPs being developed
have an elliptical cross-section as well as a cross-sectional variance longitudinally. There are
many examples of elliptical airborne bodies and therefore, the ellipse seems a natural choice in the
evolution from the circular domain.
Table 1.1 provides a concise survey of some lighter-than-air concepts. Figure 1.5 displays
several images that provide visual representation of some examples from the crafts listed in Table
1.1.
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(i) The Airlander 10 reprinted from [21]
(ii) The Aeros ML 86X reprinted from [22]
(iii) Alteros BAT reprinted from [23]
(iv) The Lockheed Martin 74K reprinted from
[24]
Figure 1.5: Selected LTAP Concepts
1.8 Objectives
The goal of this research project is to refine and expand the lightning field model developed
by G.A. Malinga to accommodate physical geometries more complex than the circular domain.
In order to better represent the prediction of high-risk areas of LTAPs, which will become more
frequently exposed to lightning strikes, a mathematical transformation from the physical domain
to the solution domain and its inverse will be developed and integrated into the existing model.
The idea is to generate a physical model based on the actual geometry of the elliptical LTAPs, then
transform that model into the solution domain which will then be solved in the circular domain.
The solution in the circular domain will then be transformed back into the physical domain, giving
the final solution in the desired coordinate space.
In addition, some of the model parameters will be researched in order to reflect the regional and
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Table 1.1: Table of LTAP details.
Developer Model Type Payload, ton(tonne)
Length, ft
(m)
Altitude Ceil-
ing, ft (m)
Aeros [25] ML 86X Hybrid 500 (454) 920 (280) 12,000 (3,660)
Aeros [26] Sky Dragon Conventional 1.1 (1.0) 153 (46.6) 10,000 (3,050)
Aeros [27] Aeros 3200 Aerostat 0.33 (0.3) 128 (39.0) 5,000 (1,520)
Hybrid Air
Vehicles [21]
Airlander 10 Hybrid 11 (10) 302 (92.0) 20,000 (7,000)
Hybrid Air
Vehicles [28]
Airlander 50 Hybrid 66 (60) 390 (119) 10,000 (3,500)
Boeing [29] SkyHook Hybrid 40 (36) 410 (125) -
Lockheed
Martin [24]
74K Aerostat 0.5 (0.45) 115 (35.0) 5,000 (1,520)
Altaeros [30] BAT Aerostat - - 2000 (600)
Balloon Pro-
moters [13]
Hi-Speed
Blimp
Aerostat 0.008 (0.007) 8.2 (2.50) 200 (61.0)
ONERA [31]
Manned
Cloud
Hybrid - 690 (210) -
seasonal variations in the Gulf of Mexico and the East Coast of the United States. The results from
the model using these updated climate parameters could be desirable in commercial applications
of LTAPs which are either always grounded, or conditionally grounded. That, combined with their
elevation could cause an increased probability of lightning strike in the event of a thunderstorm.
Along both the East and West Coast of the United States and the Gulf of Mexico, offshore wind
farms are being proposed and implemented; heavy-lift LTAPs could be employed to transport
construction materials and supporting equipment to these sites and would become vulnerable to
lightning strikes at the most critical moments of the operation. Therefore, it is a goal of this
research to better predict the environmental parameters which will be included in the numerical
example cases.
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2. THEORETICAL DEVELOPMENT
2.1 The Joukowski Transformation
The Joukowski transform is a conformal map which was developed to solve 2D flow around
airfoil shapes. For concentric circles centered at the origin, the Joukowski transform maps to
concentric ellipses. If a circle is not centered at the origin, the transformation takes the shape of
an airfoil with parameters depending on its centroid location relative to the origin. It is defined as
follows [32]
w =
1
2
(
z +
c2
z
)
, (2.1)
where c > 0, z = x+ iy, and w = u+ iv.
Of particular interest here is the inverse Joukowski transform (IJT). The focus will be on con-
centric ellipses mapped to concentric circles using the IJT. The standard form of the IJT is [32]
w = z +
√
z2 − c2 (2.2)
which can also be written in the normalized form
w = z +
√
z2 − 1.
In Equation (2.2), the value of the constant c is the focal length of the family of confocal ellipses.
It is defined as
c =
√
a21 − b21 =
√
a22 − b22,
where the ellipse with major semi-axis a1 and minor semi-axis b1 corresponds to the circle of radius
a1 + b1, and likewise for the other ellipses. These details are shown in Figure 2.1i.
The use of the IJT was explored to transform an elliptical problem domain into a circular
solution domain where the model developed by Malinga could be utilized. As expected, when the
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ellipses were confocal (when they were both centered at zero), the IJT mapped both ellipses to
concentric circles which was predicted from Figure 2.1i.
One of the important parameters in the lightning interaction model is to see how the altitude
of the airborne body affects the solution. As the body moves vertically toward the cloud cover, it
is expected that the potential field will change and therefore, it is of particular interest to shift the
inner ellipse up or down within the outer ellipse. The limitation with the IJT, however, is that the
shape of the mapped domain is a function of the x - y coordinates of the center of the ellipse in the
physical domain. Therefore, as the inner ellipse is moved up or down, the mapped shape does not
remain a circle and is no longer useful in this context as shown in Figure 2.1ii.
(i) Example of a IJT. (a) confocal ellipses. (b) ellipses
mapped to circles adapted from [32]
(ii) Non-confocal elliptical domains mapped
using the IJT
Figure 2.1: Examples of IJT maps
2.2 The Affine Transformation
To solve this problem, a new transformation must be considered; the one employed here is an
Affine Transformation (AT). An AT is a linear mapping technique that preserves points, straight
lines, and planes. By definition, an AT is, in fact, a conformal map. To be conformal, the Jacobian
matrix is a scalar times a rotation matrix everywhere. Of particular interest, as previously stated,
is the map between an ellipse and a circle which can conveniently be described by an AT.
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(i) An example elliptical problem domain (ii) Transformed Domain
Figure 2.2: Examples of a physical, non-circular domain and a transformed domain
Consider an ellipse described by the equation
(x+ x0)
2
a2
+
(y + y0)
2
b2
= 1 (2.3)
where x0 and y0 are the coordinates of the center of the ellipse, and a and b are the semi-major and
semi-minor axes respectively. If the transformation space is now defined by the variables ξ and η
as
ξ =
x+ x0
a
(2.4)
η =
y + y0
b
, (2.5)
it becomes easy to see that in the ξ, η plane, the ellipse becomes the unit circle where
ξ2 + η2 = 1.
The AT preserves the transformation between an ellipse and a circle while supporting vertical
translations desirable in the context of airborne objects at varying heights relative to a thunder-
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cloud. A possible domain of interest is shown as two non-concentric ellipses in Figure 2.2i. This
domain was then transformed using the AT; the transformation to the normalized circular domain
is shown in Figure 2.2ii.
2.3 Surface Charge Modification
Turning now to the values calculated within the lightning-structure interaction model, some
modifications must be made in order to properly reflect the shift to the elliptical domain.
The surface charge, Qb, induced on the outer surface of the airborne grounded system was
defined (assuming the angular variation of the potential gradient on the perimeter of the structure
can be approximated as the mean potential gradient along the surface, Eavg(D)) by Malinga [17]
as
Qb = piDLε0Eavg(D), [C] (2.6)
where ε0 is the permittivity of free space and D and L are the diameter and length of the circular
airborne body, respectively. Equation (2.6) can be represented with the perimeter of the circular
body, piD, redefined as Pc; thus,
Qb = PcLε0Eavg(D). [C] (2.7)
To make this equation applicable to the elliptical transformation, we will have to apply the anal-
ogous elliptical perimeter in the place of the circular perimeter term – this turns out to be fairly
mathematically complicated, but an approximation will be employed to simplify its implementa-
tion in the model. The exact formula for the circumference of an ellipse, Pe, can be written as the
infinite sum
Pe = pi(a+ b)
∞∑
n=0
(
0.5
n
)2
hn, (2.8)
where a and b are the semi-major and semi-minor axes, respectively; and h is given as
h =
(a− b)2
(a+ b)2
.
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Equation (2.8) expands to
Pe = pi(a+ b)
(
1 +
1
4
h+
1
64
h2 +
1
256
h3 + . . .
)
.
However, the approximation that will be used in the model evaluation was developed by Srinivasa
Ramanujan in 1914 [33] and is given as
Pe ≈ pi
(
3(a+ b)−
√
(3a+ b)(a+ 3b)
)
. (2.9)
For an ellipse with an aspect ratio of 3 (a = 3b), this approximation is has an error of 3.4×10−5 %
when compared with the series solution evaluated to n = 7.
Therefore, the electrical charge induced on an grounded airborne elliptical structure can be
written analogously from Equation (2.6) using Equation (2.9) as
Qb = PeLε0Eavg(D), [C] (2.10)
which can be written with respect to the elliptical cross-section of the body as
Qb = Peε0Eavg(D). [Cm−1] (2.11)
Equation (2.11) will be implemented in the model to represent the induced electrical charge on
elliptical bodies.
2.4 Collection Area Modification
Another change will be made to the model developed by Malinga [17], specifically to the
calculation of the lightning collection area, to accommodate bodies with elliptical geometries. In
his dissertation, Malinga describes the lightning collection area, Ac, as the circumferential area
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defined by the calculated striking distance.
Ac = piD
2
s , [m
2] (2.12)
where Ds is the mean value of the striking distances computed in the model. The value of Ac
is then normalized by the area of the grounded structure: Ab; however, this calculation must be
amended to adequately capture the effect of elliptical airborne bodies. For a circular cross section,
the collection area is normalized by
Abc = pi
(D
2
)2
, [m2] (2.13)
where D is the diameter of the airborne grounded structure. Now for the elliptical body, the area
is described as
Abe = piab, [m2] (2.14)
where again, a and b are the semi-major and semi-minor axes, respectively. Equation (2.14) will
be used to normalize the collection area for the case of an airborne body with an elliptical cross-
section to form the following relation:
normalized collection area =
Ac
Ab
=
piD2s
piab
(2.15)
normalized collection area =
D2s
ab
. (2.16)
2.5 Airborne System Strike Frequency
In a journal article by Malinga and Niedzwecki [3], it was reported that the frequency of light-
ning strikes (Nd) to the elevated body is given by
Nd = Ngτ
∫ Ipmax
Ipmin
Ac(Ipeak)f(Ipeak) dIpeak, (2.17)
where Ng is the ground flash density in strikes per square kilometer per year, τ is the number of
years for which the elevated body is deployed, Ipmin and Ipmax are the lower and upper bound of the
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leader peak current, Ipeak, respectively, Ac(Ipeak) is the collection area as a function of the leader
peak current, and f(Ipeak) is the probability density function of the leader peak current.
2.6 Demonstration of a Solution Transformation
Pre-processing and a post-processing modules were added to G.A. Malinga’s model [17] that
perform the AT, mentioned in Section 2.2, of the problem domain. The pre-processor takes user de-
fined input parameters including craft altitude, craft width, craft height, cloud ceiling, cloud width,
leader length and angle, potential gradient, peak current, and some other mathematical parameters
to be used within the model. The pre-processor then conducts the AT to the circular domain and
writes the transformed parameters to a text file to be read by the core processing module. Once the
solution is calculated in the circular domain, the post-processing module transforms the solution
back into the original physical (elliptical) domain by the inverse of the affine transformation.
An example solution was performed as a proof-of-concept and the results are shown in Figure
2.3. Figure 2.3ii shows the solution in the circular domain that is calculated in the core processing
module, and Figure 2.3i shows the solution transformed back into the physical, elliptical coordinate
system.
(i) An example elliptical problem domain
(ii) Transformed Domain
Figure 2.3: Domains of a potential field solution
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3. ENVIRONMENTAL DATA ANALYSIS
For this study, four locations were chosen to inspect closely: location A, location B, location
C, and location D. These are depicted graphically in Figure 3.1 and will be referenced throughout
this section.
Location A has the coordinates (28.85◦N, 88.35◦W) which is about 135 mi. (217 km) south of
Mobile, AL and 50 mi. (80 km) east of Port Eads, LA, and was chosen because even though wind
speeds (and thus, wind energy density) are lower in the Gulf of Mexico than in other areas like
the Pacific Coast, the shallow waters in the gulf make development of wind farms more attractive
and economical. Additionally, the presence of wind turbine component manufacturing facilities in
Texas [34] would make of components to location A by LTAP a viable option given the logistical
difficulties of land and sea transport – LTAP transportation provides a simplified logistical plan.
Endeavoring to use LTAP transportation o location A would present a hazard for LTAP induced
lightning strikes.
Location B is is about 93 mi. (150 km) west of Charleston, SC and has the coordinates
(32.75◦N, 78.35◦W). It was chosen as a location of interest because the Charleston City Coun-
cil is in support of offshore wind energy. According to a City Council resolution, it was reported
that “South Carolina has the second-largest offshore wind resource on the East Coast” [35]. Addi-
tionally, the development of such an industry would benefit the South Carolinian energy portfolio
and is a potential source of renewable energy that would help the community through the eco-
nomic development, and would help the wider world by decreasing dependency on oil and other
non-renewable energy sources.
Location C has the coordinates (36.95◦N, 75.55◦W) which is about 27 mi. (43 km) east of
Virginia Beach, VA, and was chosen because it is the site of a proposed continuation of an earlier
plan to develop a wind energy farm off the Virginia coast; Dominion Energy is beginning the
Coastal Virginia Offshore Wind initiative (a continuation of Virginia Offshore wind Technology
Assessment Project), with the development of two 6-megawatt wind turbines which should be in
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Figure 3.1: Locations of studied sites
operation by 2020 [36]. As the construction of the wind turbines begins, the logistical issues of
delivering the large components offshore could be solved by the use of heavy-lift LTAPs, which
in turn would present a hazard for lightning strikes induced by the LTAPs, as was the case with
location A.
Location D was chosen because it is near the site of the Block Island Wind Farm which is
located a few miles off the coast of Block Island, Rhode Island; its coordinates are (41.25◦N,
71.75◦W). The wind farm began operation in December of 2016 and is the first one located offshore
in the United States. It sets the precedent for any offshore wind turbine projects to come and thus
is a good candidate for further study as is presented here.
3.1 Ground Flash Density
In order to accommodate analysis of lightning strike frequency with varying regional param-
eters, an exploration of flash density using satellite climatological data was conducted. The data
were retrieved from the NASA Global Hydrology Resource Center (GHRC) which is managed by
the NASA Earth Science Data and Information System (ESDIS). Two datasets were used to study
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Figure 3.2: Mean flash rates by month for locations A, B, C, & D
ground flash density; the first, entitled “LIS 0.1 Degree Very High Resolution Gridded Lightning
Monthly Climatology (VHRMC)”, consists of monthly climatologies of total lightning flash rates
observed from the Lightning Imaging Sensor (LIS) from January 1, 1998 through December 31,
2013. LIS is a lightning-sensing instrument aboard the Tropical Rainfall Measurement Mission
satellite (TRMM) and is used to detect the distribution and variability of tropical and sub-tropical
lightning events [37]; this means that this instrument can only provide data between 38◦S and
38◦N. The second dataset used is entitled “LIS/OTD Gridded Lightning Climatology Data” and
contains a variety of gridded climatologies from two detection sensors: LIS aboard the TRMM
satellite (the same data as in VHRMC, but at a lower resolution), and the Optical Transient Detec-
tor (OTD) aboard the Orbview-1 satellite. This second dataset was used because the OTD provides
lightning data outside of the range of the LIS which, as was previously stated, only extends to 38◦
latitude. The OTD data started its temporal coverage of those higher latitudes in 1995 and ended it
in 2000 [38].
Analysis of the satellite data has been summarized in Figures 3.2, 3.3 3.4. As expected, the
lightning strike frequency for all locations peaks in the summer months because of the increased
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strike frequency throughout the entire northern hemisphere as discussed in Section 1.2. Addition-
ally, there is some variation among the locations which is consistent with variation of ocean surface
temperatures, the analysis of which will be discussed in Section 3.4 (see Figure 3.10 for reference
with Figures 3.2 and 3.4).
Figure 3.3: Map of the mean annual flash rate
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(i) Feb (ii) Apr
(iii) Jun (iv) Aug
(v) Oct (vi) Dec
Figure 3.4: Monthly Flash rate density from LIS & OTD for six selected months
23
Figure 3.5: Mean peak current for the year 1998 (5.3 million flashes) adapted from [4]
3.2 Leader Peak Current
As referenced in Section 1.2, the mean peak current in lightning flashes seems to be a sensitive
function of latitude [4]. As shown in Figure 3.5 and discussed in Peak-current variations of light-
ning return strokes as a function of latitude by Richard E. Orville [4], the peak current of lightning
strikes during the year 1998 was observed to vary by a factor of almost two from 25 kA in New
England, to 40-45 kA in northern Florida, with regions of interest off the Gulf Coast and along
the East Coast reaching up to 50 kA. Orville also asserts that the results of his study indicate that
even higher peak currents will be observed if a similar study would be extended into the equatorial
regions [4].
In a study conducted by Lyons, Uliasz, and Nelson, it was reported that large peak current
(defined arbitrarily as>75 kA) negative cloud-to-ground lightning strikes occur preferentially over
the coastal waters of the Gulf of Mexico and the southeastern United States [39]. This claim is
bolstered by observations of stronger peak current intensities over the oceans than over land, the
cause of which is somewhat elusive, but nevertheless present. Whether the phenomenon is caused
by ice, salt, or a combination of the two, the fact remains that the peak currents are higher over the
ocean than on land. The distribution of peak currents for negative flashes has been seen to shift to
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higher magnitudes over the ocean [40].
Site-specific analysis of lightning peak current data was performed using data provided by
Vaisala’s National Lightning Detection Network (NLDN) which claims to be “the most scientifi-
cally accurate and reliable lightning information system, monitoring total lightning activity across
the continental United States, 24 hours a day, 365 days a year” [41]. Areas of almost 150,000
km2 (about 58,000 mi.2) centered around the coordinates of each of the four locations were in-
vestigated for regional and seasonal variation in peak current values. The focus of this analysis
was the peak current measurements of negative cloud-to-ground lightning strikes detected by the
NLDN from 2013 to 2017. From this analysis, Figure 3.6 shows that the peak current for strikes in
offshore locations with warmer relative water temperatures was higher than in locations that have
lower relative water temperature (see Figure 3.10). Locations A and B both have higher sea surface
temperatures and average peak currents than locations C and D.
Figure 3.6: Mean monthly negative cloud-to-ground peak current values for locations A, B, C, &
D from 2013 to 2017
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Table 3.1: Tabulated Weibull parameters of leader peak current distributions of negative cloud-to-
ground lightning strikes by location
Weibull Parameters
Location a b
A 28.8907 1.39096
B 27.1495 1.36085
C 21.271 1.31847
D 20.933 1.41049
In addition, probability distribution curves were generated for the data at each location and are
shown in Figure 3.7. The data were fit to a Weibull probability density function which is described
as
f(x|a, b) = b
a
(
x
a
)b−1
exp
[− (x/a)b], (3.1)
where a is the scale parameter and b is the shape parameter. For each location, the Weibull param-
eters are listed in Table 3.1.
The probability density functions for each location support median peak current values shown
in Figure 3.6 – the peaks of locations A and B are lower and further to the right (toward higher
peak currents) than locations C and D. Also, the distributions cross at about 25 kA and it can be
observed the probability drops off faster for locations C and D than for locations A and B. This
suggests that there is a higher probability for lightning strikes with peak current greater than 25 kA
for locations A and B which appears to be corroborated by the monthly average values shown in
Figure 3.6.
When compared with the observations made by Orville [4], the same trend can be seen in the
analysis presented here. The average peak current for locations C and D in 1998 was reported to be
between 30-35 kA, and location B was reported to be between 40-45 kA – location A was outside
the range of Orville’s study. Though of a lesser magnitude, the average peak currents for strikes
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between 2013 and 2017 followed the same trend: an increase in peak current with a decrease in
latitude.
Figure 3.7: Probability distributions of leader peak current for negative cloud-to-ground lightning
strikes by location
Table 3.2: Tabulated values for peak current probability intervals at each location
Location P (I < 15) kA P (15 < I < 30) kA P (30 < I < 45) kA P (I > 45) kA
A 33.0% 32.1% 19.2% 15.7%
B 35.8% 32.2% 18.1% 13.7%
C 46.5% 32.5% 13.9% 6.82%
D 46.3% 34.5% 13.7% 5.27%
Table 3.2 shows the probabilities of leader peak current falling within the specified bounds and
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how that probability is related to geographic location. When compared with Figure 3.7, it is clear
that locations A and B have both lower latitude and a higher probability of strikes with peak current
greater than 45 kA. This is consistent with the observations made by Orville [4].
3.3 Sea Surface Wind Speed
Data for sea surface wind speed was gathered from NOAA’s public online datasets [42]. The
data were assembled by Huai-Min Zhang using multiple satellites [43]. Sea surface wind speed,
while not directly related to lightning activity, is a valuable part of the environmental parameters
when assessing risk for LTAP deployment. In the case of offshore wind farm construction us-
ing heavy-lift LTAPs, the wind speed at a particular location and time could be hazardous to the
building process.
The monthly average wind speed for each of the four locations is shown in Figure 3.8 and
color plots of the eastern coast of the United States for selected months in 2010 with each location
marked is shown in Figure 3.9. It appears that for each location, wind speed peaks in the winter
months while, for the most part, stays at a lower magnitude in the summer months. Location D has
the highest median monthly wind speed while location A has the lowest. The median monthly wind
speed at locations B and C falls in between locations A and B and are fairly similar in magnitude.
Figure 3.8: Mean sea surface wind speed by month during 2010 for locations A, B, C, & D
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(i) Feb (ii) Apr
(iii) Jun (iv) Aug
(v) Oct (vi) Dec
Figure 3.9: 2010 monthly wind speed averages
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3.4 Sea Surface Temperature
Sea surface temperature (SST) data from the Multi-sensor Ultra-high Resolution (MUR) SST
field were retrieved using the OPeNDAP Server Dataset provided by the Jet Propulsion Laboratory
at the California Institute of Technology. The SST for two particular days is shown in Figure 3.10.
This information is desirable to the contractors who will construct offshore wind farms – details
about the sea surface temperature and how it influences lightning activity are useful in determining
the risks associated with construction.
In the winter months, the Gulf of Mexico (containing location A) stays relatively warm, as does
the Gulf Stream which passes through location B. During the summer, water temperatures rise
across all locations which could explain the uniform rise in lightning strike frequency. Location
C is shielded from the warm Gulf Stream current by the North Carolinian coastline which could
be the related to of the lower strike frequency relative to locations A and B. Location D, with
its significantly lower strike frequency, is situated far enough north that the Gulf Stream curves
eastward long before it reaches such a latitude. The lower strike frequency at that location could
also be due somewhat in part to the lower temperature water brought by the cool Labrador current.
There have been some studies on the correlation between ocean surface temperatures and lightning
strike frequency [44][45], and the results from this study seem to be consistent with those presented
in other publications.
(i) July 31, 2017 (ii) February 1, 2018
Figure 3.10: Sea surface temperatures for two selected days
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4. NUMERICAL ANALYSIS
4.1 Site-Specific Analysis
Location A
As stated, Location A is in the Gulf of Mexico and has the coordinates (28.85◦N, 88.35◦W)
which is about 135 mi. (217 km) south of Mobile, AL and 50 mi. (80 km) east of Port Eads, LA.
From the satellite data analysis, the average strike density was calculated to be 14.09 strikes per
year. The distribution for the leader peak currents had a lower peak than all the other locations,
and its tail end was higher than the others – this suggests that the peak current is more likely to be
higher at location A than at the other locations. The median of the monthly averages for the leader
peak current at this location was calculated to be 27.0 kA which is the highest of all the locations
studied here.
Location B
Location B is bout 93 mi. (150 km) west of Charleston, SC and has the coordinates (32.75◦N,
78.35◦W). Analysis of the satellite data for that site suggested that it has an average annual strike
density of 12.22 strikes per year. The peak current distribution for location B is similar to location
A as is the ground flash density. This could be due to the similarities in sea-surface temperature
and oceanic conditions. The median of the monthly leader peak current averages was calculated to
be 24.4 kA.
Location C
Location C has the coordinates (36.95◦N, 75.55◦W) which is about 27 mi. (43 km) east of Vir-
ginia Beach, VA. Geographically, it is tucked into the coastal area between Virginia and Maryland
and because of this, is shielded from the warm waters of the Gulf Stream which, as it comes up
the east coast, turns eastward as it passes North Carolina. The ground flash density was calculated
to average 7.30 strikes per year which is lower than that of locations A and B. Additionally, the
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median of the monthly leader peak current averages was calculated to be 20.6 kA which is the
lowest out of all the locations. The peak current probability distribution also points to this fact –
the peak for location C occurs at the lowest peak current value of all the locations meaning that
lower amplitude peak currents are more likely there than at any of the other studied locations.
Location D
Location D is near the site of the Block Island Wind Farm which is located a few mi. off the
coast of Block Island, Rhode Island; its coordinates are (41.25◦N,71.75◦W). The northernmost
location of all the sites studied, its ground flash density was calculated to be 2.95 strikes per year.
The median of the monthly leader peak current averages was calculated to be 22.3 kA.
The values for all of these locations will be used in the calculation of the number of strikes to
the airborne body over a specified period of time with Equation (2.17).
4.2 Effect of Elliptical Geometry
On Lightning Collection Area
Collection area as defined in Equation (2.16) was studied as the aspect ratio of an elliptical
body was changed. The width (and therefore, the aspect ratio) of the ellipse was increased as
the height remained constant. In this case, since all parameters were kept constant except for the
width of the airborne structure, the strike distance calculated in the model remained the same for
all cases. The normalized collection area decreases due to the increase in the area of the airborne
body as an ellipse is widened while the height is kept constant. The effects of this relationship are
shown in Figure 4.1.
Furthermore, the collection area was studied when changing the aspect ratio of the ellipse, but
while keeping the area the same. A mathematical relationship was developed in order to vary the
aspect ratio while keeping the area of each cross-section the same. The results of this analysis
are shown in Figure 4.2. It appears that if the aspect ratio is increased (i.e. if the ellipse becomes
more flat) while the area is kept the same, the collection area is also increased, though the results
indicate that the increase is only about 0.8%.
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Figure 4.1: Normalized collection area as a function of ellipse aspect ratio for constant height
cross-section
Figure 4.2: Normalized collection area as a function of ellipse aspect ratio for constant area cross-
section
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On Strike Frequency
The effect of elliptical geometry on airborne body strike frequency was studied. The calculation
for the number of strikes, Nd, was performed using Equation (2.17). The cross-sections for the
iterations shown in Figure 4.3 were evaluated with an airborne structure height of 50 ft. (15 m) with
increasing width. The airborne body was deployed at an altitude of 2,500 ft (762 m). and the cloud
ceiling was set at 5,000 ft. (1524 m) Leader peak current values used in forming the collection
area as a function of peak current were set to 10, 20, and 30 kA. The probability density function
of the leader peak current (f(Ipeak)) evaluated in Section 3.2 for each location was considered and
evaluated with its respective site-specific ground flash density taken from the satellite data. The
leader length was set to almost 1,000 ft. (300 m). The results, as shown in Figure 4.3, indicate
that as an airborne structure becomes more elliptically flattened, the strike frequency on the body
decreases. This effect can be understood when considering the normalized collection area (Ac/Ab);
the value of this ratio decreases as the area of the airborne body is increased – that is, as the width
is increased while the height remains constant.
The same calculations were done for increasing elliptical cross-section aspect ratio of constant
area. As with the collection area, when the aspect ratio is increased while keeping the area constant,
the strike frequency also increases, but only slightly. This is due to the proportionality between
lightning collection area and airborne body strike frequency. The results of the constant area
calculations are shown in Figure 4.4.
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Figure 4.3: Strike frequency on grounded airborne body as a function of ellipse aspect ratio for
constant height
Figure 4.4: Strike frequency on grounded airborne body as a function of ellipse aspect ratio for
constant area
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Figure 4.5: Normalized surface charge induced on on airborne body with varying aspect ratio
On Surface Charge
The effect of increasing the elliptical aspect ratio of the cross section on the induced surface
charge along the perimeter of the airborne structure was studied. Since the induced surface charge
is directly proportional to the perimeter of the cross-section, the charge induced should also vary
linearly with an increase in aspect ratio. This linear variation can be seen in Figure 4.5. For this
relationship, the area of the cross-section was kept constant as the aspect ratio was changed. The
surface charge increased because even at a constant area, the surface area (perimeter) is increasing
as the elliptical aspect ratio increases.
On Leader Attachment Probability
The effect of elliptical geometry on the probability of leader attachment to the grounded air-
borne structure was also studied. For the analysis shown in Figure 4.6, the probability of lightning
attachment to an ellipse with a width-to-height ratio of 1.33 was calculated for downward leader
angles equal to 0, 15, 30, and 45 degrees. Those probabilities were then compared to two circular
cases: one with its diameter equal to the width of the ellipse (i.e. r = a), and the other with equal
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Figure 4.6: Probability of leader attachment as a function of downward leader angle for ellipse
(a/b = 1.33), circle (r = a), and circle (r2 = ab)
area to the ellipse (i.e. r2 = ab). For these computations, the airborne craft was deployed at an
altitude of 3,000 ft. (914 m), the cloud ceiling was 5,000 ft. (1,524 m), the width of the elliptical
body was 60 ft (about 18 m) and the height was 45 ft. (14 m), the length of the downward leader
was set to about 656 ft. (200 m), the peak current was taken as 20 kA, and the cloud cover was set
at 90◦.
It appears that when comparing these cases, the ellipse has the highest probability of leader
attachment. The circle whose diameter is equal to the width of the ellipse (r = a) has the lowest
probability; this is likely due to the fact that the area of that circle is 33% larger than that of
the ellipse. It was shown in G.A. Malinga’s dissertation that probability of lightning attachment
decreases with increasing cross-sectional area [17] – this effect is seen here as well.
It is interesting that for a downward leader angle greater than 30%, the elliptical cross-section
probability increases faster (has a greater slope) than the two circular cross-sections. This could
be due to the fact that the elliptical cross-section is more pointed at the edges of its width. Since
the electric field is inversely proportional to the radius of curvature, it follows that the electric
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field would be stronger at the surface of more pointed objects; in this case, it appears that due to
the decrease in curvature radius at the edges of the width of the elliptical body, the probability of
lightning attachment is increased.
4.3 Composite Modeling of Selected Aircraft
One important result of this research is the ability to form full models of aircraft with variable
cross-sections. A particular airborne body design can be selected for analysis and the cross-sections
along its length can be either estimated from design drawings or from measurements. From the
estimated or measured dimensions, a three dimensional model can be formed for the entire airborne
structure. Each of the cross-sectional slices are then evaluated by the model; each individual cross-
sectional solution represents the contribution of that cross-section to the solution of the whole
craft.
Two airborne bodies in particular were chosen as examples to be evaluated in this way and
are shown in Figure 4.7. The first is shown in Figure 4.7i and is a concept design by Jean-Marie
Massaud called the “Manned Cloud”. The vision of the project is to provide its passengers a novel
and luxurious travel or sightseeing experience in an LTAP. The second is a heavy-lift LTAP that is
being developed by Aeros and is shown in Figure 4.7ii. The purpose of this aircraft is to provide
heavy-lift capabilities to remote locations for construction, disaster relief, military operations, and
other applications. The approximate craft dimensions used for evaluation are shown in Figure 4.8
For the analysis of the “Manned Cloud”, the body was divided into 20 equal sections (21
cross-sections). The dimensions for the composite model were estimated using technical drawings
and concept images taken from the designer’s website [31], and each cross-section was evaluated
for induced electrical charge along its perimeter. The charge density in millicoulombs per meter
(mC/m) along the length of the airborne structure is shown in Figure 4.9. Numerical integration of
this plot yields the total charge induced on the craft which is given in Table 4.1.
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(i) “Manned Cloud” reprinted from [31] (ii) Aeros ML86X reprinted from [22]
Figure 4.7: Selected airborne structures for composite modeling
(i) “Manned Cloud” model (ii) Aeros ML86X model
Figure 4.8: Models of selected crafts for composite modeling
The Aeros ML86X was analyzed by dividing it into ten equal sections giving eleven cross-
sections to evaluate. The dimensions of each cross-section were estimated design concept art and
size specifications [25]. The same modeling process was used and the charge density as a function
of location along the length of the body is shown in Figure 4.10 and tabulated in Table 4.1 along
with the total charge of the whole structure.
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Figure 4.9: Charge density as a function of point along length of “Manned Cloud” model
Figure 4.10: Charge density as a function of point along length of Aeros ML86X model
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Table 4.1: Tabulated results of charge density along selected crafts
Manned Cloud
Cross-Section Charge (mC/m)
1 3.06
3 5.27
5 6.28
7 6.75
9 7.11
11 7.00
13 6.49
15 5.65
17 4.66
19 5.12
21 5.94
Total 1.164 C
Aeros ML86X
Cross-Section Charge (mC/m)
1 4.82
2 6.40
3 6.75
4 6.91
5 7.01
21 7.24
37 7.01
38 6.91
39 6.75
40 6.40
41 4.82
Total 1.978 C
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5. SUMMARY AND CONCLUSIONS
To address the limitations of the two-dimensional physics-based model developed by Malinga
[17], namely that it was restricted to the circular domain, a coordinate transformation between the
physical, non-circular domain and the circular solution domain was developed. Since the model
uses non-concentric circles to represent the domain, it was thought that the Joukowski transform
would be a good candidate for this relation given it’s widespread use for transforming ellipses to
circles. However, it could not be used due to the requirement for the inner circle (i.e. the airborne
body) to be moved vertically within the outer circle (i.e. the atmospheric domain). As a result,
an affine transformation was developed to map the elliptical, physical domain into the circular
solution domain, then back again upon completion of the analysis.
Pre- and post-processing modules were added to the model in order to perform these trans-
formations before and after the solution process. The pre-processor takes input of the physical,
non-circular geometry of the problem domain, then transforms that information and sends it to the
core processing module. Once the solution is calculated in the circular domain, the post-processing
module transforms the solution back into the original, non-circular domain. Using these additions,
the model can now be utilized to analyze lightning-structure interaction for elliptical domains. This
is significant because many of the lighter-than-air platforms available or under development have
non-circular (often elliptical) cross-sections.
In addition to the pre- and post-processing modules, the methods for calculating some output
values were altered to accommodate elliptical airborne bodies. These values include the surface
charge induced along the surface of the airborne body, the lightning collection area, and the light-
ning strike frequency on the elevated airborne body. These values depend on either the area or
the perimeter of the grounded airborne body which, at the time of the model’s conception, was
represented as a circle. Therefore, the calculations needed to be modified in order to represent the
elliptical nature of the expanded model.
During the development of the calculation process of elliptical domains, the model was set
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up to run multiple iterations for a given set of parameters. This is useful in modeling composite
systems whose cross-sections change along the length of the aircraft. The airborne body can be
modeled by specifying its height and width at a given number of locations along its length. The
model calculates the desired values at each cross-section and stores them so as to provide the user
with a complete analysis of the composite system.
A significant part of this work was to gather and process satellite and ground-based datasets
to characterize the parameters associated with varying seasonal and regional effects. In order to
understand the impact of changing the location or season of deployment of the airborne body,
satellite-based lightning strike frequency data and ground-based leader peak current data were
gathered and analyzed. The analysis of this data gives the model the capability to quantitatively
predict lightning-structure interaction according to varying geographic and/or temporal parame-
ters.
The data for ground flash frequency, sea-surface wind, and sea-surface temperature were taken
from public datasets managed by NASA’s GHRC, NOAA, and JPL at the California Institute of
Technology, respectively. These data are available for download without explicit permission. How-
ever, the peak current data used in this study are not available for public download. The NLDN
is a network of ground-based lightning detection sensors managed by the company Vaisala which
claims that it is “the most scientifically accurate and reliable lightning information system, mon-
itoring total lightning activity across the continental United States, 24 hours a day, 365 days a
year.” [41]. The data are available for purchase and are frequently used by weather forecasters,
electric companies, air traffic controllers, insurance agencies, launch facilities, forest fire-fighters,
and many others. The data for peak current used in this study were made available at no cost as
part of Vaisala’s Lightning Data Research Policy for research at universities.
The analysis of these data gave some insight to the regional and seasonal variability of four
selected sites. These sites were chosen due to their appeal to the offshore wind energy industry.
By selecting locations that were spread relatively far apart, the regional differences and similarities
between the locations became apparent and provide information about the possible risks or benefits
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associated with a certain site. It appears that ground strike frequency, and thereby flash frequency
on the airborne structure, increases with decreasing latitude (relative to the northern hemisphere).
A correlation was seen between sea-surface temperature and lightning frequency. The ground flash
density increased during the summer months across all locations. Lightning peak current was also
shown to vary with geographic position – on average, the locations with lower latitude had higher
peak currents than the locations with higher latitude. Additionally, sea-surface wind speed data
were analyzed and the data show that wind speed is generally higher in the winter months. This
information could be useful to operators of LTAPs in deployment or operation. The analysis of
these datasets can be built in as a feature within the model so that the user could specify geographic
and temporal input to analyze specific site conditions at a given time and run the lightning model
with those site-specific parameters.
The effect of elliptical geometries was studied for several calculated values from the model
including the lightning collection area, the lightning strike frequency on the elevated airborne
body, the surface charge induced along the perimeter of the airborne body, and the probability of
leader attachment. Changing the aspect ratio of an elliptical cross-section influences the calculated
lightning collection area. However this relationship depends on whether the height or the cross-
sectional area of the airborne structure is kept constant. If the height is kept constant while the
aspect ratio is increased (i.e. if the ellipse becomes more flat), the collection area decreases as a
negative power function. However, if the aspect ratio is increased while the area is kept the same,
the collection area is also increased.
Increasing the elliptical aspect ratio had an impact on the grounded airborne structure strike
frequency. Since strike frequency and lightning collection area are proportional, the strike fre-
quency followed the same trends as the lightning collection area. If the elliptical aspect ratio was
increased while the height of the airborne body was kept constant, the strike frequency decreased,
whereas if the aspect ratio was increased while the area of the cross-section was kept constant, the
strike frequency increased slightly.
As the elliptical cross section was made more flat – that is, as the aspect ratio was increased
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– the surface charge induced on the perimeter of the grounded airborne structure was observed to
increase linearly. This is due to the linear relationship between the perimeter and the aspect ratio
of an ellipse. Since the surface charge is calculated using the perimeter of the ellipse, it follows
that the surface charge should also vary linearly with elliptical aspect ratio.
The probability of leader attachment to the grounded airborne structure was shown to be in-
fluenced by the elliptical geometry. An interesting note from this analysis is that the probability
of attachment to an elliptical body increases faster than a circular body of equal height or equal
area as the downward leader angle is increased. This could be due to the fact that the electric field
intensity increases as the radius of curvature of a surface decreases. In the case of an ellipse, the
radius of curvature at the ends of the major axis are smaller than those of a circular cross-section,
and the analysis of the leader attachment probability suggests that this fact is represented in the
increased probability (and increased rate) of leader attachment for increasing leader angle.
The capability to represent composite bodies in the lightning-structure interaction model was
expanded. The user can define the dimensions of a three-dimensional craft by dividing it into
a specified number of cross sections with variable dimensions. Each of the cross-sections are
evaluated by the model and the calculated output values are stored so that, upon evaluation of all
the cross-sections, the results for each cross-section can be shown. This method of analysis is
useful for airborne bodies that have variable cross-sections throughout their length. Analysis in
this way can provide information about lightning interaction for bodies of different shapes and
sizes, and how the results change for different regions on the airborne body in question.
The modifications and additions made as part of this work expand the capabilities of the
lightning-structure interaction model developed by G.A. Malinga. The addition of the ellipti-
cal transformation allows for accurate analysis of non-circular grounded airborne structure cross-
sections. That, combined with the expanded ability to capture the regional and seasonal variability
of lightning activity using satellite and ground-based data, make the model more robust and in-
creasingly relevant to engineering applications.
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